The detection of individual photons is an inherently binary mechanism, revealing either their absence or presence while concealing their spectral information. For multi-color imaging techniques, such as single photon spectroscopy, fluorescence resonance energy transfer microscopy and fluorescence correlation spectroscopy, wavelength discrimination is essential and mandates spectral separation prior to detection. Here, we adopt an approach borrowed from quantum photonic integration to realize a compact and scalable waveguide-integrated singlephoton spectrometer capable of parallel detection on multiple wavelength channels, with temporal resolution below 50 ps and dark count rates below 10 Hz. We demonstrate multi-detector devices for telecommunication and visible wavelengths and showcase their performance by imaging silicon vacancy color centers in diamond nanoclusters. The fully integrated hybrid superconducting-nanophotonic circuits enable simultaneous spectroscopy and lifetime mapping for correlative imaging and provide the ingredients for quantum wavelength division multiplexing on a chip. 1
Introduction
Photonic quantum technologies provide next-generation tools for the implementation of quantum information processing schemes using classical nanophotonic circuitry (1-8). Operating waveguide based systems with single-photon input grants access to the established fabrication and design techniques used for integrated optics and enables circuit complexity which is out of reach for table-top, free-space implementations. Current research efforts in optical quantum information processing pursue the full integration of active quantum optical components -single-photon sources (9) (10) (11) (12) and single-photon detectors (7, 8, (13) (14) (15) (16) ) -with reconfigurable photonic circuitry in a single chip. This development holds potential to resolve current limitations in terms of stability, robustness and component scalability. While the joint integration of all relevant components on a chip is yet to be achieved, the emergence of highly performant waveguideintegrated single-photon detectors (13, (17) (18) (19) (20) opens up additional avenues beyond applications in quantum optics. Here, we demonstrate how the thriving fields of optical sensing and imaging benefit from nanophotonic integration through the use of such detectors.
State-of-the-art microscopy techniques such as fluorescence resonance energy transfer (FRET) or fluorescence lifetime imaging (FLIM) are indispensable tools in the modern life sciences, allowing molecular networks and intracellular activities to be monitored with great spatial and temporal precision (21) (22) (23) (24) (25) (26) (27) . Data acquisition often requires the detection of weak optical signals down to the single-photon level and necessitates highly sensitive detectors with broad spectral range (28, 29) . Standard experimental and commercial implementations comprise single-photon detectors, wavelength-selective optics for spectroscopic analysis and fast timecorrelated single-photon counting (TCSPC) electronics for correlative investigation. For unperturbed, accurate measurements over extended time periods, these applications rely on the single-photon detectors' high efficiency, low noise level, and precise timing resolution, as well as the robust, immovable installation of all optical elements. Current state-of-the-art single-photon detectors suffer from performance-degrading effects such as after-pulsing or low efficiency and large timing jitter, particularly in the near-infrared spectral range (30, 31) . In addition, the bulk optical components typically used in classical setups are prone to misalignment. Most experimental installations are therefore subject to stability constraints and offer only limited scalability. Photonic integration constitutes a promising resolution to these issues. By combining nanophotonic integrated circuits with superconducting single photon detectors we implement a scalable single photon spectrometer which provides single photon resolution on multiple wavelength channels and is inherently stable.
Materials and Methods

Integrated single-photon spectrometer concept and design
Our spectrometer concept is based on the use of high performance waveguide-integrated superconducting nanowire single-photon detectors (SNSPDs) in conjunction with wavelengthdiscriminating integrated photonic circuitry. SNSPDs provide significant advantages over current state-of-the-art single-photon detectors: they offer superb detection efficiency and impeccable timing characteristics over a wide spectral domain, encompassing visible and infrared wavelengths (13, 17, 32, 33) . In addition, their inherently integrated design enables the seamless conflation of multiple SNSPDs with advanced on-chip photonic circuitry while maintaining the detectors' efficiency and temporal precision. The co-integration of multiple SNSPDs with wavelengthseparating photonic circuitry therefore offers a convenient approach to on-chip single-photon spectroscopy with high timing accuracy and fast data acquisition rates. Beside pure spectroscopic analysis at the single-photon level, the concept enables advanced techniques such as FLIM and FRET or its exotic siblings multi-color and N-way FRET (34, 35) in a single device.
We realize fully integrated single-photon spectrometers (SPSs) by co-integrating eight SNSPDs with an arrayed waveguide grating (AWG) on a silicon-nitride (Si3N4) on insulator substrate (Fig. 1) . The chosen platform enables broadband optical operation, filtering and multiplexing combined with highly efficient on-chip single-photon detection. The fabrication is based on a top-down approach which allows for the reliable and reproducible integration of all active and passive photonic components, as described in the Methods section and the supplementary material.
Light is coupled into the on-chip circuitry through a focusing grating coupler. The AWG spatially separates the broadband optical input signal and routes individual spectral components towards the SNSPD array for photon detection. Because the AWG distributes different wavelengths into different waveguides, the design is directly compatible with waveguide integrated SNSPDs. The count rates measured by the individual detectors allow for the reconstruction of the optical input spectrum. The utilization of an AWG leaves the temporal photon distribution unaffected which allows us to exploit the SNSPDs' high timing accuracy and thus expand the conventional spectroscopic concept by a temporal dimension.
Device fabrication
The two sets of hybrid superconducting-nanophotonic chips are fabricated using multi-step electron-beam (e-beam) lithography with subsequent dry etching and thin film deposition steps.
Semiconductor multi-layer structures consisting of silicon-nitride (Si3N4) and silicon-dioxide 
Results and discussion
Spectrometer characterization
Two circuit variants are fabricated: one implementation is designed for operation in the near- (Fig. 1a) we determine spatially resolved lifetime maps of the diamond nanocrystal sample.
First, we assess the optical transmission through the devices at room temperature using a custom multi-port measurement system (see Methods section and the supplementary material). For this purpose, each output channel of the AWG is furnished with an additional grating coupler for light extraction (see Fig. 1d ). The transmission spectrum measured at the NIR device is depicted bias current is slowly raised from 50% to 90% of their respective critical currents and the input wavelength is swept across the device's free spectral range from 1532.5 nm to 1557.5 nm. with the optical transmission data obtained at room temperature (Fig. 2a) . With the bias current set to 90% of the critical current ( 
SPS timing jitter characterization
The devices' timing jitter is determined using a low-jitter picosecond laser (PriTel We first analyze the emitted fluorescence spectrum using the eight-channel SPS upon continuous-wave (cw) excitation at 532 nm. The SPS's channel spacing is designed such that the 8-channel AWG covers the expected optical bandwidth of the SiV emission. The fluorescence signal is collected with a high-numerical aperture microscope objective (Zeiss EC Plan-Neofluar 100x/1.3NA) and coupled into an optical fiber after filtering out the excitation light using dichroic mirrors. The fiber is shielded from stray light with a metal coating and is used to route the light into our cryo-measurement platform for coupling into the photonic circuitry. The relative magnitudes of the measured count rates agree well with the reference spectrum obtained using a conventional spectrometer (Fig. 3) , thus accurately reproducing the ZPL emission peak at 738 nm.
By exploiting the apparatus' scanning capabilities, we are able to include spatial information and thus spectrally image the nanodiamond cluster. The cluster shape is well reproduced on each wavelength channel (see Fig. 4a ).
Taking advantage of the SNSPDs high timing resolution and fast response time, in a complementary experiment, we replace the exciting 532 nm cw laser with a passively mode-locked laser which produces pulses of 32 ps duration (FWHM) at 440 nm wavelength (ALS PiLas PiL044X). In addition to the spectral image reported above, pulsed excitation allows for correlative imaging in a start-stop measurement: upon the emission of a pulse the laser triggers a start event in our TCSPC electronics (Picoquant Picoharp 300) and the stop signal is provided by the registration of the fluorescence photons by the SPS. The collection of multiple start-stop-time delay data points allows for the extraction of the specimen's fluorescence decay time (Fig. 4b) .
Such data is available on all channels, thus providing temporal as well as spectral information simultaneously. In combination with the scanning confocal microscope setup a lifetime map of the diamond cluster is obtained alongside the spectral information (Fig. 4c) .
Conclusions
Ultimately, the adoption of a quantum photonic approach to sensing and imaging holds the 
